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Abstract
Renal ciliopathies are a common cause of kidney failure in children and adults, and this study reviewed their ocular asso-
ciations. Genes affected in renal ciliopathies were identified from the Genomics England Panels. Ocular associations were 
identified from Medline and OMIM, and the genes additionally examined for expression in the human retina (https:// www. 
prote inatl as. org/ human prote ome/ tissue) and for an ocular phenotype in mouse models (http:// www. infor matics. jax. org/). 
Eighty-two of the 86 pediatric-onset renal ciliopathies (95%) have an ocular phenotype, including inherited retinal degenera-
tion, oculomotor disorders, and coloboma. Diseases associated with pathogenic variants in ANK6, MAPKBP1, NEK8, and 
TCTN1 have no reported ocular manifestations, as well as low retinal expression and no ocular features in mouse models. 
Ocular abnormalities are not associated with the most common adult-onset "cystic" kidney diseases, namely, autosomal 
dominant (AD) polycystic kidney disease and the AD tubulointerstitial kidney diseases (ADTKD). However, other kidney 
syndromes with cysts have ocular features including papillorenal syndrome (optic disc dysplasia), Hereditary Angiopathy 
Nephropathy, Aneurysms and muscle Cramps (HANAC) (tortuous retinal vessels), tuberous sclerosis (retinal hamartomas), 
von Hippel-Lindau syndrome (retinal hemangiomas), and Alport syndrome (lenticonus, fleck retinopathy). Ocular abnor-
malities are associated with many pediatric-onset renal ciliopathies but are uncommon in adult-onset cystic kidney disease. 
However the demonstration of ocular manifestations may be helpful diagnostically and the features may require monitoring 
or treatment.
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Introduction

Renal ciliopathies account for at least 15% of children and 
5% of adults with kidney failure [1–4]. It is important to 
identify these diseases because treatments that slow disease 
progression are increasingly available and because other 
organs may also be affected [5].

Renal ciliopathies result from pathogenic variants in 
more than 100 genes (https:// panel app. genom icsen gland. co. 
uk/). The cysts arise mainly from abnormal cilium signaling 

in the tubules and collecting ducts [2]. The primary cilia 
on the surface of the tubular epithelial cells function as 
antennae that sense mechanical, osmotic, and chemical 
stimuli and signal through pathways that are responsible 
for maintaining normal tubular structure. These pathways 
control cell proliferation, differentiation, and orientation, 
with disruption resulting in cyst development.

The clinical features of renal ciliopathies manifest in 
organs where the affected genes are expressed and cili-
ary signaling is important, such as the liver, heart, lungs, 
skeleton, nerves, and eyes [6–8]. The pattern of extra-renal 
involvement may be helpful diagnostically.

Renal ciliopathies in children have mainly autosomal 
recessive (AR) inheritance and include the various forms 
of nephronophthisis, as well as Senior-Loken, Joubert, Bar-
det-Biedl, Meckel, and Jeune syndromes, cranioectodermal 
dysplasia, and the orofaciodigital syndromes (Table 1). 
These are often associated with ocular abnormalities.

The most common adult-onset diseases included 
here are autosomal dominant (AD) polycystic kidney 
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disease (ADPKD) and AD tubulointerstitial kidney disease 
(ADTKD), previously known as “medullary cystic kidney 
disease”) due to pathogenic variants in MUC1, UMOD, 
REN, or HNF1B. ADTKD is characterised by microcysts 
rather than cysts. Tuberous sclerosis is common but results 
less often in kidney failure. Other diseases  associated 
with kidney cysts include ARPKD, the rare von Hippel-
Lindau syndrome, papillorenal syndrome, and hereditary 
angiopathy, nephropathy, aneurysms, and muscle cramps 
or HANAC. X-linked (XL) and AD Alport syndrome are 
also associated with kidney cysts, but their pathogenesis 
is unclear [16, 17]. In addition, acquired cystic kidneys are 
common in individuals undergoing dialysis [18]. Cystic 
liver disease without significant kidney cysts usually 
results from variants in other genes [19].

The eye is often involved in genetic kidney disease because, 
despite their different functions, the eye and kidney share 
developmental pathways and some specialized structural fea-
tures [20]. Both the kidney and the eye undergo organogenesis 
in the 4th to 7th embryonic week, and perturbations during 
this period result in kidney and ocular phenotypes [21]. Pri-
mary cilia on the surface of the tubule epithelium are critical 
in maintaining tubular structure and orientation, and disrup-
tion leads to cyst formation. Cilia in the photoreceptor outer 
segment relay sensory stimuli to the brain via the visual path-
way, and defects result in retinal degeneration [22]. The reti-
nal pigment cells—Bruch’s membrane—choriocapillaris and 
glomerular filtration barrier also share structural features [23].

While genetic testing has become more widely avail-
able, ocular phenotyping is a simple, non-invasive method 
that may suggest the diagnosis. Genetic testing also indi-
cates the mode of inheritance and other at-risk family 
members. In addition, ophthalmic examination identifies 
vision-threatening conditions that require regular moni-
toring and, in some cases, treatment.

The aim of this study was to review the reported ophthal-
mic associations of renal ciliopathies in children and cystic 
diseases in adults in order to identify features that might 
help the nephrologist recognize the disease’s genetic basis. 
The study also examined whether individual genes were 
expressed in the retina or associated with ocular features 
in mouse models, which suggested ocular abnormalities 
might yet be found in the corresponding human disease.

Strategy

The major genes affected in the renal ciliopathies and other 
forms of cystic kidney disease were identified from the 
Genomics England Renal ciliopathy panel (v1.64; https:// panel 
app. genom icsen gland. co. uk/) and from reviews [16, 24]. Gene 
names were then searched in OVID Medline together with 
(“AND”) the following search terms: “ocular,” “ophthal*,” 

“optic*,” “eye,” “vision*,” “cornea,” “iris”, “pupil,” “lens,” 
“retina,” “choroid,” “fovea,” “macula,” and “optic nerve” to 
identify relevant manuscripts. Abstracts were reviewed, and 
relevant manuscripts examined for ocular abnormalities. 
Inclusion criteria were studies describing a renal ciliopathy or 
cystic kidney disease, associated ocular phenotypes, and pub-
lication in a peer-reviewed journal. Articles were excluded if 
they were not written in English or if the full text was not 
available online. The search was conducted between August 
and September 2020 and reviewed in August–October 2022. 
Gene names and corresponding diseases were also searched 
for “eye” features in OMIM in October 2022.

Expression of the genes was examined in the retina in 
the Human Protein Atlas (https:// www. prote inatl as. org/ 
human prote ome/ tissue); and the effects of the correspond-
ing genes on ocular manifestations examined in mouse 
models in the Mouse Genome Informatics website (http:// 
www. infor matics. jax. org/) in October 2022.

Renal ciliopathies with a mainly pediatric 
presentation

Eighty-six genes associated with a mainly pediatric pres-
entation were examined from the renal ciliopathy green 
and amber lists after PKD1, 2, PKHD1, MUC1, UMOD, 
and HNF1B had been excluded (Table 2).

Eighty-two of these genes (95%) had a reported ocular 
phenotype in human disease. Four renal ciliopathy genes 
(ANK6, MAPKBP1, NEK8, TCTN1) had no ocular phe-
notype in human disease and were associated with low 
retinal expression (< 10 transcripts per million, TPM) and 
no mouse ocular phenotype.

Eighty-five of the 86 genes (99%) were expressed in the 
retina. The exception was ICK which is associated with 
endocrine cerebro-osteodysplasia, but its kidney phenotype 
is unclear. Fifty-eight of these genes (67%) were expressed 
at > 10 TPM in the retina. Sixty genes (70%) had an ocu-
lar phenotype in the corresponding mouse model. Thirteen 
genes were expressed both at low levels in the retina and not 
associated with an ocular phenotype in the mouse model, but 
nine of these had a reported phenotype in human disease.

Ocular phenotypes in nephronophthisis 
and other renal ciliopathies

The descriptions for the clinical features of these diseases 
often overlap, and almost all of these genes have an ocu-
lar phenotype. The most common ocular abnormalities are 
inherited retinal degeneration, coloboma, and oculomotor 
abnormalities (Tables 1, 2, 3; Figs. 1, 2).

https://panelapp.genomicsengland.co.uk/
https://panelapp.genomicsengland.co.uk/
https://www.proteinatlas.org/humanproteome/tissue
https://www.proteinatlas.org/humanproteome/tissue
http://www.informatics.jax.org/
http://www.informatics.jax.org/
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Senior-Loken syndrome is diagnosed when there is retinal 
disease as well as nephronophthisis, which occurs in at least 
15% of cases [27]. Many gene variants have been reported 
[28–30]. Pathogenic variants in IQCB1 (NPHP5) are always 
associated with retinal abnormalities.

Joubert syndrome is characterized by nephronophthisis 
with neurological disease resulting in hypotonia and devel-
opmental delay. The “molar tooth sign” on MRI is pathog-
nomonic. Pathogenic variants affect up to 30 different genes. 
Variants in the AHI1, CPLANE1, CC2D2A, CEP290, and 
TMEM67 genes represent 40% of all cases [31–33]. Neuro-
ophthalmic abnormalities are common, with retinal disease 
and coloboma occurring less frequently [34].

Bardet-Biedl syndrome includes nephronophthisis, polydac-
tyly, obesity, diabetes, genital anomalies, and inherited retinal 
degeneration. More than 20 genes are implicated, most of 
which are found in the “BBSome,” a protein complex involved 
in ciliary trafficking [35]. Retinal disease occurs in 90% of cases 
[36] but coloboma and oculomotor disorders are uncommon.

Meckel syndrome is a severe multi-system illness that is 
often fatal in the perinatal period. Pathogenic variants in the 
same genes may also result in milder disease, such as Joubert 
syndrome, with inherited retinal degeneration, coloboma, 
microphthalmia, or oculomotor disorders [12, 37].

Jeune syndrome (“asphyxiating thoracic dystrophy”) and crani-
oectodermal dysplasia (Sensenbrenner syndrome) are rare skeletal 
dystrophies that occur because of disrupted intraflagellar transport. 
Nephronophthisis is associated with high myopia, inherited retinal 
degeneration, and neuro-ophthalmic features [14, 38, 39].

Orofaciodigital syndrome type 1 includes malformations 
of the face, mouth, and digits and is often associated with 
kidney cysts, fibrocystic liver disease, and neurological, 
skeletal, and cardiac anomalies [40]. The less common types 
2–13 do not appear to have kidney cysts. Ocular abnormali-
ties are limited to hypertelorism and epicanthal folds [41].

Common ocular phenotypes in pediatric 
ciliopathies (Table 3; Figs. 1, 2)

Inherited retinal degeneration

Inherited retinal degeneration (dystrophy, disease) encom-
passes a heterogeneous group of diseases characterized by 
photoreceptor degeneration and impaired vision. It is cat-
egorized by the photoreceptor type affected, with disease 
predominantly affecting the rods, cones, or both. Retinitis 
pigmentosa is the most common form [42]. Rods are affected 
early with subsequent progression involving the cones. Night 
blindness due to rod dysfunction is an early feature. Periph-
eral visual field deficits may progress to tunnel vision. The 
retina has thinned vessels, abnormal pigmentation, retinal 
pigment atrophy, and waxy pallor of the optic disc [43].

The diagnosis of Senior-Loken syndrome (nephronoph-
thisis with inherited retinal degeneration) depends on the use 
of retinal imaging, fundus autofluorescence, optical coher-
ence tomography, and electroretinography [44]. The clinical 
outcome is highly variable, even among individuals with the 
same gene variants [45]. Gene therapy is currently being 
explored as treatment [42, 46–49], and intravitreal antisense 
oligonucleotide injections have improved visual acuity and 
oculomotor stability for at least the CEP290 variants [50].

Leber congenital amaurosis is a severe form of con-
genital or early-onset inherited retinal degeneration affect-
ing both rods and cones. Presentation is typically in the 
first few months of life with impaired vision, nystagmus, 
sluggish pupillary light reflexes, and increased eye rub-
bing (the “oculo-digital sign”) that may increase the risk 
of keratoconus [51, 52]. Fundus imaging may be normal 
early, but vascular attenuation, optic disc pallor, and 
abnormal pigmentation occur with time [53]. Pathogenic 
variants in CEP290 and RPGRIP1L are responsible for 
20% and 5% of cases, respectively [54].

Coloboma

Overall coloboma are normally found in one in 
2000–10,000 births, and one or both eyes may be affected 
[55, 56]. Coloboma are common in genetic kidney disease 
but also occur as an isolated phenomenon, with CAKUT, 
some genetic glomerulopathies or tubulopathies and with 
other genetic diseases that do not affect the kidneys.

Coloboma occur from abnormal closure of the embry-
onic fissure during the sixth to seventh week of gestation. 
Coloboma of the iris and ciliary body result from abnor-
mal anterior closure, and coloboma of the optic nerve, 
retina, and choroid from failed posterior closure [57].

Chorioretinal coloboma are detected on fundus imaging 
as discrete, white lesions commonly affecting the infero-
nasal quadrant with overlying pigmentation. Complications 
include a 30% increased risk of retinal detachment possibly 
with visual field defect [58], and amblyopia [59], cataract, 
glaucoma, and increased refractive error [60–62].

Optic nerve coloboma vary in size with the largest resem-
bling the “morning glory” anomaly with enlargement, dys-
plasia, and funneling of the optic disc, radial orientation of 
retinal vessels, and peripapillary pigmentation [63].

Neuro‑ophthalmological disorders

These are particularly common in nephronophthisis and 
related ciliopathies, especially Joubert syndrome. Congenital 
oculomotor apraxia occurs in 80% of individuals with Joubert 
syndrome [64] and is characterized by the inability to initiate 
voluntary eye movements, most often horizontal saccades. 



1336 Pediatric Nephrology (2024) 39:1327–1346

1 3

Ta
bl

e 
3 

 O
cu

la
r m

an
ife

st
at

io
ns

 o
f t

he
 p

ed
ia

tri
c 

re
na

l c
ili

op
at

hi
es

In
di

vi
du

al
 fe

at
ur

es
 a

re
 d

es
cr

ib
ed

 m
or

e 
fu

lly
 in

 T
ab

le
 2

O
ph

th
al

m
ic

 fe
at

ur
e

Ex
am

pl
es

 o
f c

ili
op

at
hi

es
 w

ith
 th

es
e 

op
ht

ha
lm

ic
 fe

at
ur

es
 

Ex
am

pl
es

 o
f g

en
es

 w
ith

 p
at

ho
ge

ni
c 

va
ria

nt
s a

ss
oc

ia
te

d 
w

ith
 th

es
e 

op
ht

ha
lm

ic
 fe

at
ur

es

H
yp

er
m

et
ro

pi
a 

(lo
ng

-s
ig

ht
ed

ne
ss

)
C

ra
ni

oe
ct

od
er

m
al

 d
ys

pl
as

ia
; J

eu
ne

 sy
nd

ro
m

e
W

D
R3

5
M

yo
pi

a 
(s

ho
rt-

si
gh

te
dn

es
s)

A
R

PK
D

; J
eu

ne
 sy

nd
ro

m
e;

 n
ep

hr
on

op
ht

hi
si

s
TT

C
21

B
A

sti
gm

at
is

m
Jo

ub
er

t s
yn

dr
om

e;
 M

ec
ke

l s
yn

dr
om

e
C

C
2D

2A
C

on
ge

ni
ta

l s
iz

e 
an

om
al

y 
(a

no
ph

th
al

m
ia

, m
ic

ro
ph

th
al

m
ia

)
Jo

ub
er

t s
yn

dr
om

e;
 M

ec
ke

l s
yn

dr
om

e;
 B

ar
de

t-B
ie

dl
 sy

nd
ro

m
e

M
K

S1
, T

C
TN

2
C

ol
ob

om
at

a 
(ir

is
, o

pt
ic

 d
is

c,
 c

ho
rio

re
tin

al
)

N
ep

hr
on

op
ht

hi
si

s;
 Jo

ub
er

t s
yn

dr
om

e;
 M

ec
ke

l s
yn

dr
om

e;
 re

na
l 

co
lo

bo
m

a 
sy

nd
ro

m
e;

 tu
be

ro
us

 sc
le

ro
si

s c
om

pl
ex

AH
I1

, C
C

2D
2A

, C
EP

41
, N

PH
P4

, T
M

EM
13

8,
 M

SK
1,

 T
M

EM
21

6,
 

TM
EM

23
7,

 T
SC

1,
 T

SC
2,

 W
D

R3
5

Ey
el

id
 a

bn
or

m
al

iti
es

N
ep

hr
on

op
ht

hi
si

s;
 Jo

ub
er

t s
yn

dr
om

e;
 M

ec
ke

l s
yn

dr
om

e
TM

EM
67

C
or

ne
al

 a
bn

or
m

al
iti

es
Jo

ub
er

t s
yn

dr
om

e
C

EP
41

, C
O

L4
A5

A
nt

er
io

r s
eg

m
en

t m
al

fo
rm

at
io

ns
Tu

be
ro

us
 sc

le
ro

si
s c

om
pl

ex
TM

EM
67

, T
SC

1,
 T

SC
2

Le
ns

 c
at

ar
ac

ts
Tu

be
ro

us
 sc

le
ro

si
s c

om
pl

ex
TS

C
1,

 T
SC

2,
 C

O
L4

A5
O

pt
ic

 d
is

c 
ab

no
rm

al
iti

es
O

ro
fa

ci
od

ig
ita

l s
yn

dr
om

e;
Jo

ub
er

t s
yn

dr
om

e;
Re

na
l c

ol
ob

om
a 

sy
nd

ro
m

e

TM
EM

23
7,

 O
FD

-1
, P

AX
2

Re
tin

a—
in

he
rit

ed
 re

tin
al

 d
eg

en
er

at
io

n
N

ep
hr

on
op

ht
hi

si
s;

 Jo
ub

er
t s

yn
dr

om
e;

 B
ar

de
t-B

ie
dl

 sy
nd

ro
m

e;
 

Je
un

e 
sy

nd
ro

m
e;

 c
ra

ni
oe

ct
od

er
m

al
 d

ys
pl

as
ia

; M
ec

ke
l s

yn
-

dr
om

e;
 o

ro
fa

ci
od

ig
ita

l s
yn

dr
om

e

AH
I1

, A
RL

6,
 B

BI
P1

, B
BS

1,
 B

BS
2,

 B
BS

4,
 B

BS
5,

 B
BS

9,
 B

BS
10

, 
C

C
2D

2A
, C

EP
16

4,
 C

EP
29

0,
 C

EP
41

, C
EP

83
, D

YN
C

2H
1,

 
IF

T1
22

, I
FT

43
, I

N
PP

5E
, K

IA
A0

58
6,

 K
IA

A0
75

3,
 IN

VS
, I

Q
C

B1
, 

LZ
TF

L1
, M

K
S1

, N
PH

P1
, N

PH
P3

, N
PH

P4
, O

FD
-1

, R
PG

RI
P1

L,
 

SD
C

CA
G

8,
 T

M
EM

13
8,

 T
M

EM
21

6,
 T

M
EM

23
1,

 T
M

EM
67

, 
TT

C
8,

 W
D

PC
P,

 W
D

R1
9,

 W
D

R6
0

Re
tin

a—
ot

he
r a

bn
or

m
al

iti
es

N
ep

hr
on

op
ht

hi
si

s;
 tu

be
ro

us
 sc

le
ro

si
s c

om
pl

ex
; V

on
 H

ip
pe

l-
Li

nd
au

 d
is

ea
se

TS
C

1,
 T

SC
2,

 T
TC

21
B,

 V
H

L

N
eu

ro
-o

ph
th

al
m

ic
 (s

tra
bi

sm
us

, p
up

il 
di

so
rd

er
s, 

D
ua

ne
 

sy
nd

ro
m

e,
 n

ys
ta

gm
us

)
N

ep
hr

on
op

ht
hi

si
s;

 Jo
ub

er
t s

yn
dr

om
e;

 M
ec

ke
l s

yn
dr

om
e;

 Je
un

e 
sy

nd
ro

m
e;

 c
ra

ni
oe

ct
od

er
m

al
 d

ys
pl

as
ia

; B
ar

de
t-B

ie
dl

 sy
nd

ro
m

e
W

D
R3

5,
 A

H
I1

, C
C

2D
2A

, C
EP

12
0,

 C
EP

41
, C

EP
83

,, 
M

K
S1

, 
RP

G
RI

P1
L,

 T
C

TN
2,

 T
C

TN
3,

 T
M

EM
13

8,
 T

M
EM

21
6,

 
TM

EM
23

1,
 T

M
EM

23
7,

 T
M

EM
67

, W
D

R1
9,

 W
D

R3
5



1337Pediatric Nephrology (2024) 39:1327–1346 

1 3

In order to compensate, individuals use “head thrusting” to 
bring an object of interest into their field of vision after head 
control is established at 6 months of age [65, 66]. Head thrust-
ing tends to diminish after the first year of life, and no spe-
cific intervention alters disease progression. Various forms 
of nystagmus have been described including “pendular” and 
“seesaw” types [67]. Strabismus occurs in most patients with 
Joubert syndrome and often requires surgical correction [34].

Renal ciliopathies and cystic kidney disease 
with a mainly adult‑onset presentation

Ten genes associated with cystic kidney disease that 
include the commonest genetic causes of cystic kid-
ney disease, ADPKD and ADTKD, were examined 

(Table 4; Fig. 3). Ocular features are not described in 
these diseases. In addition, PKD1 and all ADTKD genes 
are expressed at very low levels in the human retina. 
Only PKD2, GANAB, and DNAJB11 are found at lev-
els > 10 transcripts per million (TPM) but still have no 
reported ocular phenotype in human disease nor in mouse 
models.

AD polycystic kidney disease

At least 90% of all individuals with ADPKD have a 
pathogenic variant in PKD1 or PKD2 which code for a 
transmembrane protein complex that regulates the trans-
port of cations in the tubule and are not associated with 
ocular features. These genes are expressed at low levels 

Fig. 1  Inherited retinal degeneration in renal ciliopathies demonstrat-
ing a a waxy optic disc, attenuated arterioles, and widespread mot-
tling of the retinal pigment epithelium in nephronophthisis; with OCT 
scan demonstrating outer retinal atrophy with a small area of retained 
subfoveal photoreceptors (below); b infrared fundus image demon-

strating a ring of retained normal retina; c automated visual field test 
demonstrating constricted visual field; d inferonasal retinal pigmenta-
tion in an adult with Bardet-Biedl syndrome; and e retinal thinning 
and intraretinal pigment migration with OCT scan demonstrating 
associated cystoid macular edema (below)
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in the human retina, and mouse models have no ocular 
phenotype. Pathogenic variants in GANAB and DNAJB11 
are rare causes of polycystic kidney disease and while 
expressed in the retina do not result in an ocular pheno-
type in mouse models.

AR polycystic kidney disease

AR polycystic kidney disease (ARPKD) is caused by patho-
genic variants in PKHD1 which encodes fibrocystin, a cell 
membrane ciliary receptor. ARPKD is not associated with an 
ocular phenotype, but genome-wide association studies have 
recently suggested PKHD1 as a marker for myopia [77], raised 
intraocular pressure, and primary open-angle glaucoma [78]. 
The mouse models have no ocular phenotype. A rare cause of 
ARPKD, DZIP1L, is also not expressed in the retina, and again 
the mouse models have no ocular phenotype.

AD tubulointerstitial kidney disease

Pathogenic variants in UMOD, MUC1, and REN have no 
reported ocular associations. There is an isolated report 
of a unilateral coloboma and visual loss associated with 
a pathogenic variant in HNF1B (renal cysts and diabetes 
syndrome), a regulator of gene expression during nephron 
development [79], but this has not been reproduced 
and may be coincidental. None of these four proteins is 
expressed to any extent in the human retina, and none of 
the mouse models has ocular features.

Ocular phenotypes in syndromic forms 
of cystic kidney disease

In contrast, all 6 genes associated with syndromic cystic 
kidney disease have ocular manifestations. These include 
the renal coloboma syndrome (“morning glory anomaly”); 
von Hippel-Lindau syndrome (retinal hemangioblastoma); 
tuberous sclerosis (iris and retinal hamartoma); HANAC 
(tortuous retinal vessels); and X-linked Alport syndrome 
(anterior lenticonus, corneal dystrophy, fleck retinopa-
thy). The ocular features are distinctive and generally 
diagnostic.

Renal coloboma syndrome

Inheritance is AD, and about 80% of individuals with a 
pathogenic variant in PAX2, a transcriptional regulator, have 
renal coloboma syndrome [80]. Variants in this gene result 
typically in focal and segmental glomerulosclerosis (FSGS), 
but congenital anomalies of the kidney and urinary tract 
(CAKUT) and kidney cysts also occur. Ocular associations 
include optic nerve dysplasia, including both optic nerve 
coloboma and the “morning glory” anomaly [71]. Subtle 
forms may be overlooked. Scleral staphyloma, chorioretinal 
coloboma, optic nerve cyst, microcornea, microphthalmia, 
macular dysplasia [81–83], nystagmus and retinal detach-
ment [84] also occur. Iris coloboma are not a feature. The 
ocular abnormality is present at birth, may be bilateral, but 

Fig. 2  Optic disc anomalies and coloboma in renal ciliopathies demonstrating a iris coloboma and b large chorioretinal coloboma
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varies in each eye and does not necessarily affect the visual 
fields. However, complications such as retinal detachment 
may occur and patients require monitoring.

Von Hippel‑Lindau disease

Von Hippel Lindau disease is an AD “tumor syndrome” 
that results from pathogenic variants in the VHL tumor 
suppressor gene [85]. Retinal capillary hemangiomas are 
present in 50 to 85% of affected individuals by the age 
of 25 years [85, 86, 87]. Most retinal capillary heman-
giomas are due to Von Hippel-Lindau disease, and their 
presence prompts genetic testing [88]. Small hemangiomas 
do not affect vision, but larger lesions result in compli-
cations including subretinal exudation, fibrovascular pro-
liferation, neovascular glaucoma, and retinal detachment. 
Regular monitoring is important to avoid loss of vision, 
with treatments including laser photocoagulation, photo-
dynamic therapy, anti-VEGF injections, and vitreoretinal 
surgery [89–92].

Tuberous sclerosis complex 1 and 2

Tuberous sclerosis is another AD “tumor syndrome,” 
caused by pathogenic variants in the TSC1 or TSC2 
tumor suppressor genes, tuberin and hamartin, that inhibit 
the mammalian target of rapamycin (mTOR) pathway. 
Affected individuals have the characteristic retinal lesions 
of astrocytic hamartomas which may be flat, nodular, or 
transitional. Flat lesions occur in 50–70% of patients 
[93] and are yellow-gray retinal patches that obscure 
vessels. Nodular or “mulberry” lesions are calcified, 
elevated defects with well-defined margins found in half 
of all patients [94]. Transitional lesions are less common 
and have features of both flat and nodular hamartomas. 
Hamartomas rarely affect vision, but ongoing monitoring 
is important because of the risk of subretinal exudates 
and retinal detachment [95]. Hamartomas affecting the 
optic nerve may be mistaken for papilledema. Tuberous 
sclerosis also results in subependymal giant cell astrocy-
tomas in 20% of patients that can cause papilledema [96]. 
Less common retinal findings include areas of peripheral 
hypopigmentation and chorioretinal coloboma [93]. Non-
retinal findings in the eye are rare but include iris hypo-
pigmentation [97] and juvenile cataract [98].

Alport syndrome

Alport syndrome results from pathogenic variants in the 
COL4A5, COL4A3, or COL4A4 genes. These contribute 
to the collagen IV α3α4α5 network in the basement mem-
branes of the lens capsule, cornea, and the inner nuclear AD
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layer, and Bruch’s membrane of the retina. Kidney cysts 
have been reported in the XL and AD forms of Alport 
syndrome [16, 17]. Cysts typically occur before the age 
of 50 years but are few in number, and do not distort the 
kidney size or contribute to kidney failure [99]. With the 
XL and AR forms of Alport syndrome, lenticonus, central 
fleck retinopathy, and temporal retinal thinning are com-
mon [100], and corneal erosions and macular atrophy may 
occur [23]. More severe genetic variants (large rearrange-
ments, truncating changes) are associated with more dam-
aging ocular phenotypes [101–103]. AD Alport syndrome 
has no reported ocular features [104].

Kidney cysts are also found in HANAC. This results from 
pathogenic variants in COL4A1 which codes for the collagen 
IV a1 chain found in blood vessel basement membranes. The 
cysts are usually few in number and do not result in kidney 
failure [105]. Retinal vessels are tortuous on imaging [74] 
and cerebral small vessel disease may be present [106].

Discussion

The pediatric-onset renal ciliopathies are often associated 
with ocular abnormalities. These include inherited retinal 
degeneration, coloboma, and oculomotor disorders, but there 
is often variable penetrance and expression even in family 
members with the same disease-causing variant. The greater 
prevalence of ocular features in renal ciliopathies correlates 
with the frequent expression of the genes in the retina and 
the presence of ocular phenotypes in the corresponding 
mouse models.

In contrast, ophthalmic abnormalities are much less 
common or do not occur in genetic "cystic" kidney dis-
eases that present in adulthood, namely, ADPKD, and 
ADTKD.  ARPKD also has no ocular features. Ocular 
abnormalities are more common in the rarer cystic kidney 
syndromes such as tuberous sclerosis and von Hippel-Lin-
dau syndrome where they affect at least half of all affected 

Fig. 3  Ocular abnormalities in cystic kidney disease demonstrating 
a tuberous sclerosis with retinal astrocytoma and OCT with intrareti-
nal location (below); b von Hippel-Lindau syndrome with treated 
hemangioma; c congenital vascular tortuosity typical of HANAC; 
d X-linked Alport syndrome with fleck dystrophy that spares the 

macula, and OCT that demonstrates the temporal retinal thinning 
and characteristic macular profile (below); and e renal coloboma 
syndrome with retinal vessels emerging from the side rather than the 
center of the optic disc
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individuals. Ocular features are also found in some other 
cystic kidney diseases such as papillorenal syndrome and 
Alport syndrome. In general, the genes affected in cystic kid-
ney disease are not expressed in the retina and most mouse 
models do not have an ocular phenotype.

It was generally difficult to determine how often ocular 
abnormalities were associated with disease due to individual 
genes. This was because often few individuals were reported 
for any gene, only some had undergone a formal ophthalmic 
examination and many had only been examined at presenta-
tion. However, one large well-studied cohort with Joubert 
syndrome had ocular motor apraxia in 80% of affected indi-
viduals, strabismus in 74%, nystagmus in 72%, ptosis in 
43%, chorioretinal coloboma in 30%, optic nerve atrophy in 
22%, and inherited retinal degeneration in 38% [64].

In summary, ocular features of the inherited renal cili-
opathies and cystic kidney diseases may be useful diag-
nostically. Most forms of nephronophthisis and the other 
renal ciliopathies with a mainly pediatric onset have ocular 
features reported. Inherited retinal degeneration is a useful 
pointer to the diagnosis of nephronophthisis and Bardet-
Biedl syndrome. Oculomotor disorders may be a feature of 
ciliopathies, especially Joubert syndrome. Coloboma suggest 
a diagnosis of nephronophthisis but also occur in other forms 
of genetic kidney disease. In contrast, ADPKD, ARPKD, 
and ADTKD are not associated with ocular features, but reti-
nal hemangioma and astrocytic hamartoma suggest von Hip-
pel-Lindau syndrome and tuberous sclerosis, respectively.

In children a complete ophthalmological examination is 
helpful especially where a kidney biopsy has non-specific 
or inconclusive findings and genetic testing is problematic. 
While genetic testing is increasingly available, ophthalmic 
examination is a fast, inexpensive, and non-invasive method 
that also demonstrates potentially vision-threatening dis-
ease. Furthermore, sight-threatening conditions associated 
with kidney disease may require ophthalmological referral 
for monitoring and treatment, for example, for refractive 
error, glaucoma, or strabismus. Monitoring and treatment 
is necessary for retinal hemangiomas in von Hippel-Lindau 
disease, astrocytic hamartoma in tuberous sclerosis, and 
complications of coloboma such as retinal detachment [58, 
95, 107, 108]. Inherited retinal degeneration is not currently 
treatable, but monitoring for progression and complications 
is necessary [45, 109]. In the future, gene-specific thera-
pies may be helpful. Genetic testing should be performed 
in individuals where these diseases are suspected.

The strengths of this study were use of the Genomics 
England panel for the list of genes confirmed by experts to 
be affected in the renal ciliopathies, the inclusion of OMIM 
in the clinical review, and the screening of a retinal expres-
sion database and of mouse models for ocular features. 
The study’s major limitations were the few reports of some 

diseases, and the paucity of detailed ophthalmic examina-
tions described; the variable penetrance and expression of 
the genetic variants; and the lack of examination of gene 
expression in parts of the eye other than the retina. In addi-
tion, some of the ocular associations may have been coinci-
dental and sometimes the ocular phenotypes may have been 
mild or overlooked. Mouse models do not precisely replicate 
human disease but the finding of a mouse ocular phenotype 
suggests that these features should be sought more closely 
in the corresponding human disease.

In conclusion, the finding of ocular abnormalities in a 
suspected renal ciliopathy or cystic kidney disease may 
confirm the disease’s genetic basis, implicate the affected 
gene, indicate the necessity of monitoring for ocular com-
plications, and suggest future treatments. These ocular 
associations may also help us better understand the patho-
genesis of the corresponding kidney disease.
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